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Much effort is being invested in defining the intrinsic
and extrinsic factors that control stem cell maintenance
and proliferation. Recent studies have identified a
signaling hierarchy involved in coordinating the
proliferation of germ line and somatic stem cells in the
Drosophila ovary. 
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By definition, stem cells have the potential for unlimited
or prolonged self-renewal, as well as the ability to give rise
to at least one highly differentiated descendant. Embry-
onic stem cells are totipotent, capable of giving rise to cells
that make up every organ in the adult. In contrast, stem
cells that are present in the adult organism have a more
limited differentiation potential and are most often used
for tissue maintenance or for tissue repair after wounding.
Although adult stem cells have been identified in a variety
of tissues including blood, skin, and testes, little is known
about the mechanisms that allow for the remarkable, long-
term capacity of stem cells to self-renew and produce cells
that will initiate differentiation. The choice between these
two very different fates must be highly regulated to assure
continued production of differentiating cells and to
replenish the stem cell population throughout the life of
the individual (for recent review see [1]).
The ability to maintain stem cells in culture and then
direct them to differentiate under controlled conditions
in vivo would transform regenerative medicine, the treat-
ment of cancer, and gene therapy techniques (reviewed in
[2,3]). For example, purified human hematopoietic stem
cells are capable of repopulating a patient’s hematopoietic
system after ablative doses of radiation or chemotherapy.
This type of replacement therapy also could be used to
treat patients with congenital defects of the hematopoietic
system or with inherited bone marrow dysfunction. Recent
advances in the isolation and characterization of potential
neural and muscle stem cell populations may make similar
therapies possible for patients suffering from degenerative
diseases such as Parkinson’s disease or muscular dystrophy
[4]. However, there are many questions that remain to be
answered before the powerful potential of stem cells can
be harnessed for use in medical therapies. As a first step,
the signals and mechanisms involved in maintaining stem
cell identity and self-renewal capacity must be elucidated
to allow for maintenance of stem cells in culture.
Stem cells are rare and, therefore, difficult to locate and
study in vivo. Stem cells are usually found in intimate
contact with surrounding stromal cells that serve as a source
of many of the signals required for stem cell maintenance.
The physical microenvironment and molecular milieu in
which a stem cell resides is known as the stem cell ‘niche’.
Defining the conditions that allow for the expansion and
directed differentiation of stem cells in culture will depend
upon understanding the specialized environment of each
stem cell population. Recent studies [5–7] have revealed
some of the factors that regulate stem cell proliferation and
differentiation in the Drosophila ovary. 
The Drosophila ovary has proven to be a tractable genetic
system for studying stem cells and the importance of the
stem cell niche. The adult ovary consists of approximately
fifteen ovarioles, each with a specialized structure, the ger-
marium, situated at the most anterior tip (Figure 1). The
germarium houses two types of stem cell: germ line stem
cells and somatic stem cells. On average, two germ line
Figure 1
Organization of the Drosophila germarium and signaling molecules
expressed in the germ line stem cell ‘niche.’ Germ line stem cells undergo
asymmetric cell division, giving rise to one daughter cell that will retain
stem cell identity and one daughter, a cystoblast, which will undergo four
rounds of cell division with incomplete cytokinesis to give rise to fifteen
nurse cells and one oocyte. As these divisions are taking place, the more
mature cysts are displaced towards the posterior of the germarium. Cyst
encapsulation by the somatic stem cell derivatives occurs in region 2a/b.
Mature encapsulated cysts budding off from the germarium make up
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stem cells are found at the anterior tip of the germarium in
close contact with post-mitotic somatic cells. The somatic
stem cells are thought to be located several cell distances
away at the boundary between germarial regions 2a and 2b,
where 16-cell germ line cysts are encapsulated by somatic
follicle cells.
Early studies using laser ablation showed that the terminal
filament serves a role in regulating germ line stem cell
divisions [8]. Recently, Xie and Spradling [5] highlighted
the importance of the surrounding environment for the
maintenance of the germ line stem cells by demonstrating
that the cap cells, somatic cells that directly contact the
germ line stem cells, are a critical component of the germ
line stem cell niche (Figure 1). Interestingly, expression
studies have shown that important signaling molecules
such as Wingless (Wg), Hedgehog (Hh), and Decapenta-
plegic (Dpp) are expressed in both the terminal filament
and cap cells [5,9,10]. Dpp, a homolog of the human bone
morphogenetic proteins 2 and 4, is required for maintain-
ing the germ line stem cell population [11]. Hh, in con-
trast, has been implicated in controlling the proliferation
and differentiation of the somatic stem cells and their
progeny [7,9,12] (Figure 2a,b). A role for Wg in oogenesis
has not been clearly defined. 
Analysis of mutants in which germ line stem cell prolifer-
ation or differentiation is disrupted implicated novel
genes such as fs(1)Yb (Yb) and piwi in regulating germ line
stem cell behavior [13,14]. Loss of function mutations in
piwi result in failure to maintain germ line stem cells.
Mosaic analysis demonstrated that piwi function is required
in the soma for germ line stem cell maintenance and to
regulate the rate of germ line stem cell divisions. In addi-
tion piwi has a cell autonomous role in the germ line in
regulating the kinetics of germ line stem cell divisions.
The piwi gene has homologs in a wide variety of species
from Arabadopsis to humans, suggesting that conserved
mechanisms may be utilized in maintaining stem cell
populations [14,15].
The fs(1)Yb gene encodes a novel molecule that is
expressed in the terminal filament and cap cells [13]
(Figure 1). The Yb mutant phenotype is similar to that of
piwi, showing precocious differentiation of germ line stem
cells without apparent self-renewal. Consequently, ovari-
oles consist of several germ line cysts and a germarium
devoid of any germ cells [6,13] (Figure 2c–d’). Interest-
ingly, somatic cell numbers seem to be concomitantly
reduced, suggesting that there is a mechanism that coordi-
nates germ line and somatic stem cell divisions. A recent
report by King et al. [6] has revealed that the signaling net-
works present in the germ line stem cell niche may work
to control the proliferation of germ line stem cells and
somatic stem cells to ensure proper encapsulation of each
developing germ line cyst and maintain the germ line stem
cell population. 
King et al. [6] showed that overexpression of Yb leads to
increased numbers of both germ line stem cells and somatic
cells in the germarium. Yb, Hh, and Piwi are expressed in
overlapping cell types in the germarium, and the pheno-
types resulting from overexpression of Yb are similar to
those seen upon ectopic expression of piwi and hh. There-
fore, King et al. [6] predicted that Yb may be controlling the
expression of both piwi and hh. Consistent with this model,
Yb mutants exhibit significantly reduced expression of Hh
and Piwi protein in cap cells and somewhat reduced expres-
sion in terminal filament cells. Notably, the germ line
expression of Piwi is unaffected. Therefore, Yb may serve
as an upstream regulator of both germ line stem cell and
somatic stem cell proliferation by controlling expression of
piwi and hh, respectively (Figure 3). 
The demonstration that ectopic expression of hh can sup-
press somatic cell defects in Yb mutants in a dose depen-
dent manner further supports this model. However, King
et al. [6] also found that hh overexpression led to the sup-
pression of the germ line defects in both Yb and piwi
mutants. These results are very surprising as Hh was
Figure 2
Hedgehog and Yb control proliferation of somatic, follicle cells and germ
cells during oogenesis. (a) Consecutive egg chambers in wild-type
ovarioles are separated by five to seven somatic stalk cells, a subset of
specialized follicle cells within the ovariole. (b) Ectopic expression of hh
results in hyperproliferation of somatic cells and the formation of giant
interfollicular stalk-like structures. Follicle cells separating egg chambers
are designated with lines. Follicle cells are stained with an antibody to
the membrane protein Fasciclin III (green). Nuclei are stained with
propidium iodide (red). Wild type ovariole (c) and germarium (c’) stained
with antibodies to Vasa (green) and the membrane protein Spectrin
(red). Vasa antibodies stain the germ line. Spectrin antibodies recognize
membrane-rich structures such as the spectrosome and fusome as well
as follicle cell membranes. (d,d’) Loss of function mutations in Yb result
in a reduction in germ line and somatic cell proliferation. Notice a
decrease in numbers of egg chambers and lack of germ cells in the
germarium. Anterior is to the right and posterior is to the left.
Abbreviations: germarium (g), egg chamber (ec), terminal filament (tf).
Images for (c–d’) kindly provided by H. Lin.
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thought to have no role in germ line stem cell maintenance
[9,10]. Overexpression of hh in an otherwise wild-type
background has no effect on germ line stem cell prolifera-
tion, and removal of downstream components of the Hh
signaling cascade from either the germ line or soma has no
effect on early steps in germ cell proliferation or
differentiation. However, approximately 20% of germaria
from females carrying a temperature sensitive allele of hh
and held at the non-permissive temperature show germ
line defects, including increased cell death and premature
differentiation of germ cells [6].
The above data suggest that Hh can act in the soma to
support the development of the germ line [6]. And King
et al. [6] have shown that one molecular component of the
germline stem cell microenvironment, Yb, may serve to
regulate the expression of other molecules within the
germ line stem cell niche and, in doing so, regulate the
proliferation of germ line stem cells and somatic stem cells
in parallel pathways (Figure 3). What remains to be deter-
mined are the molecules responsible for the germ line
expression of piwi and the somatic expression of dpp, and
the molecular mechanism by which Hh may have an effect
on germ line stem cell maintenance.
A significant amount of information is now available about
the signals involved in controlling germ line stem cell pro-
liferation and the importance of the germ line stem cell
niche. However, very little information is available regard-
ing the physical and molecular components of the somatic
stem cell niche. Hh signaling has been implicated in con-
trolling somatic stem cell proliferation (Figure 2a,b), and a
recent study by Zhang and Kalderon [7] supports this idea
by demonstrating that removal of patched, the putative Hh
receptor and a negative regulator of the pathway, from
somatic stem cells results in expansion of the somatic stem
cell population. It has not been shown conclusively that
the somatic stem cells directly receive the Hh signal [7].
However, clones of cells lacking smoothened, which is
absolutely required for intercellular transmission of the Hh
signal, do not contribute significantly to the follicle cells
within an ovariole [7,12]. This result suggests that the Hh
signal is required to maximize the proliferative potential of
somatic stem cells and their progeny. It is possible that Hh
is also signaling through some other somatic cell type, the
inner sheath cells for example, to control the proliferation
of somatic stem cells indirectly (Figure 1).
In addition to Hh, there must be other signals responsible
for maintenance of the somatic stem cells and for coordina-
tion of somatic stem cell proliferation with encapsulation
of germ line cysts in germarial region 2b. Many exciting
questions remain to be answered regarding the somatic
stem cell niche and the contribution of Hh and other sig-
naling molecules to the maintenance and proliferation of
the somatic stem cell population. 
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Figure 3
Model for coordination of germline stem cell and somatic stem cell
proliferation in the Drosophila germarium. Yb controls expression of
piwi and hh in the terminal filament and cap cells. Piwi has been shown
to be required for the maintenance of the germline stem cell population
and for controlling the rate at which germline stem cells divide. Hh is
required for proliferation of somatic stem cells and their derivatives. In
addition, Hh may act as a redundant signal to ensure proper germline
stem cell proliferation. 
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